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[1] We present a long-term record of terrestrial climate change for the Early Paleogene of the Southern
Hemisphere that complements previously reported marine temperature records. Using the MBT0-CBT
proxy, based on the distribution of soil bacterial glycerol dialkyl glycerol tetraether lipids, we
reconstructed mean annual air temperature (MAT) from the Middle Paleocene to Middle Eocene (62–42
Ma) for southern New Zealand. This record is consistent with temperature estimates derived from leaf
fossils and palynology, as well as previously published MBT0-CBT records, which provides conﬁdence in
absolute temperature estimates. Our record indicates that through this interval, temperatures were
typically 5C warmer than those of today at such latitudes, with more pronounced warming during the
Early Eocene Climate Optimum (EECO; 50 Ma) when MAT was 20C. Moreover, the EECO MATs
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are similar to those determined for Antarctica, with a weak high-latitude terrestrial temperature gradient
(5C) developing by the Middle Eocene. We also document a short-lived cooling episode in the early
Late Paleocene when MAT was comparable to present. This record corroborates the trends documented
by sea surface temperature (SST) proxies, although absolute SSTs are up to 6C warmer than MATs.
Although the high-calibration error of the MBT0-CBT proxy dictates caution, the good match between
our MAT results and modeled temperatures supports the suggestion that SST records suffer from a warm
(summer?) bias, particularly during times of peak warming.
Components: 11,367 words, 8 ﬁgures, 1 table.
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1. Introduction
[2] Multiple proxy approaches to Paleogene
marine temperature reconstruction reveal a rela-
tively stable Paleocene followed by long-term
warming through the Early Eocene, punctuated by
several brief hyperthermals, the most widely stud-
ied being the Paleocene Eocene Thermal Maxi-
mum (PETM, 55.5 Ma) [Zachos et al., 2001,
2008; Sluijs et al., 2010]. Peak warmth in the
Early Eocene Climate Optimum (EECO), 53 to
49 Ma [Lear et al., 2000; Zachos et al., 2008;
Bijl et al., 2009; Hollis et al., 2009, 2012], was
likely associated with the highest pCO2 levels of
the last 66 Ma [Pearson and Palmer, 2000; Beer-
ling and Royer, 2011; Pagani et al., 2005]. Subse-
quently, global temperatures began the long
decrease that culminated in the current icehouse
climate mode [Lear et al., 2000; Zachos et al.,
2008; Bijl et al., 2009; Hollis et al., 2012].
[3] Establishing the pattern of global climate
change through the Paleogene depends on compil-
ing robust surface temperature estimates from rep-
resentative regions and latitudes. Recently, a suite
of Paleogene sea surface temperature (SST) esti-
mates have been generated for the SW Paciﬁc
[Burgess et al., 2008; Bijl et al., 2009; Hollis
et al., 2009, 2012; Liu et al., 2009; Creech et al.,
2010; Sluijs et al., 2012] using the TEX86 proxy
(TetraEther indeX of glycerol dialkyl glycerol tet-
raethers, GDGTs, containing 86 carbon atoms
[Schouten et al., 2002]), alkenones [Liu et al.,
2009], and oxygen isotopes and Mg/Ca ratios
derived from planktic foraminifera. These have
generated much interest, because in tandem with
tropical records they can be used to evaluate how
latitudinal temperature gradients have changed
over geological time [e.g., Bijl et al., 2009].
[4] However, the high absolute temperatures from
these records have been questioned [Pagani et al.,
2011; Hollis et al., 2012]. One issue of concern
has been a large and unexpected offset, especially
in the SW Paciﬁc, between two different GDGT-
based SST proxies: TEX86
H and TEX86
L; these
proxies are expected to yield similar values in
these settings [Kim et al., 2010]. TEX86
H-derived
SSTs are also higher than those derived from oxy-
gen isotopes in well preserved, co-occurring
planktonic foraminifera [Burgess et al., 2008;
Hollis et al., 2012]. Although these records do
track the deep water temperature trends recorded
by benthic foraminifera [Cramer et al., 2011;
Zachos et al., 2008], the TEX86
H-derived SSTs are
inconsistent with climate models and some proxi-
mal terrestrial temperature estimates [Hollis et al.,
2009; Huber and Caballero, 2011]. Hollis et al.
[2012] discussed these issues and concluded that
the proxy data could be reconciled with modeled
SSTs through conservative application of calibra-
tion equations, including use of the TEX86
L cali-
bration, adjustment for a likely summer bias, and
consideration of the likely inﬂuence of southward
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expansion of tropical surface waters during times
of peak warming. A crucial test for these conclu-
sions is to examine how they conform with alter-
native approaches to high-latitude temperature
reconstructions, and especially parallel terrestrial
temperature records.
[5] We use the distribution of branched GDGTs,
derived from soil bacteria, to estimate mean annual
air temperature (MAT) using sediments from two
marine sections within the Canterbury Basin, east-
ern New Zealand (Mid-Waipara River and Hamp-
den Beach), previously described by Hollis et al.
[2012]. The record represents a long-term terres-
trial temperature record, the ﬁrst that extends from
the Middle Paleocene to Middle Eocene, and it
complements other, recently published branched
GDGT-derived MAT records from the SW Paciﬁc
and Antarctic margin [Pross et al., 2012; Bijl et al.,
2013] as well as previous marine temperature
reconstructions for these sections [Burgess et al.,
2008; Hollis et al., 2009, 2012; Creech et al.,
2010]. The degree of branching in non-isoprenoidal
GDGTs in soils, expressed as the MBT0 ratio
(methylation index of branched tetraethers), is
related to pH and MAT [Peterse et al., 2012;
Weijers et al., 2007a]. The CBT ratio (cyclization
index of branched tetraethers) is related to pH and
can be used to remove the pH impact on the MBT
record [Peterse et al., 2012; Weijers et al., 2007a].
When determined for marine sediments, the MBT0-
CBT proxy [Peterse et al., 2012] is inferred to
record MAT of the source catchment, in this case,
southern New Zealand. We compare our MBT0-
CBT estimates for MAT with those derived from
analyses of leaf fossil assemblages, including a
new record from Otaio Gorge (Canterbury Basin),
and terrestrial palynomorphs, as well as the MAT
and SST records noted above.
2. Methods
2.1. Site Description
2.1.1. Mid-Waipara River
[6] Sedimentary rock samples were collected at
two sections (Figure 1) from the Mid-Waipara
River section, located in the northern Canterbury
Basin (Figure 2): a Lower to Upper Paleocene sec-
tion through the Loburn Formation and Waipara
Greensand, capped by basal Eocene Ashley Mud-
stone (Column 2) [Hollis et al., 2012] and a Lower
to Middle Eocene section of Ashley Mudstone
(Column 4) [Morgans et al., 2004]. The basal
Eocene in Column 2 was correlated with the
PETM by Hollis et al. [2012]. The Mid-Waipara
River Paleocene to Eocene sequence was depos-
ited at upper bathyal depths during long-term
transgression linked to basinal subsidence at a pas-
sive margin [King et al., 1999]. Neritic conditions
and proximity to land are indicated by the scarcity
of planktic foraminifera and a high proportion of
terrestrial palynomorphs.
2.1.2. Hampden Beach
[7] The Hampden Beach section is located in the
southern part of the Canterbury Basin (Figure 1).
We use the same sample suite reported by Hollis
et al. [2012] with the stratigraphy described by
Morgans [2009]. The sample suite comprises two
samples from the Lower to Middle Eocene Kurinui
Formation and 10 samples from an interval span-
ning four climate cycles in the Middle Eocene
Hampden Formation [Burgess et al., 2008].
2.1.3. Otaio River
[8] We complement our MBT0-CBT proxy data
with climate reconstruction based on a leaf fossil
assemblage from the Otaio River Gorge section
(Figure 1). Paleogene strata crop out along the
Otaio River Gorge, southwest of Timaru [Forsyth,
2001]. Plant macrofossils have been recovered
from a mudstone unit within coal measures of the
Paleocene-Eocene Broken River Formation. A pal-
ynology sample from the matrix of the leaf-rich
unit indicates a correlation with pollen zone PM3b
(5 earliest Eocene). The presence of dinoﬂagellate
cysts and evidence of burrowing in the surround-
ing mudstone suggests estuarine deposition of the
leaves. The genus Apectodinium dominates the
dinocyst assemblages in this unit, providing addi-
tional support for an earliest Eocene age [Crouch
and Brinkhuis, 2005]. Preliminary carbon isotope
data supports correlation with the PETM. Leaf-
morphology-based paleoclimate analyses have
been applied to the leaf assemblage in this unit ;
GDGTs were not present due to the elevated ther-
mal maturity of these sediments.
2.1.4. Age Control
[9] Age control for all sections is based on biostra-
tigraphy, which has been recalibrated to the 2012
geological time scale [Gradstein et al., 2012;
Crouch et al., 2013].
2.2. Organic Geochemistry
[10] Samples were gently washed with methanol
and powdered with a Retsch PM100 Ball Mill.
Total organic carbon, inorganic carbon, sulfur, and
total nitrogen were measured as a mass % of the
total sediment using a Carlo Erba EA 1108 and a
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Coulomat 702 (Strohlein). Powdered samples
were extracted via Soxhlet apparatus for 24 h
using dichloromethane/methanol (2:1 v/v) as the
organic solvent. The total lipid extracts were sepa-
rated into two fractions on an aminopropyl solid
phase extraction column by elution with dichloro-
methane/iso-propanol (3:1 v/v; neutral fraction)
and 2% (by volume) acetic acid in diethyl ether
(acid fraction). The neutral fraction was further
split using a column packed with (activated) alu-
mina by elution with hexane (saturated hydrocar-
bon fraction), hexane/dichloromethane (9:1 v/v;
aromatic fraction) and dichloromethane/methanol
(1:2 v/v; polar fraction).
[11] Individual compounds were identiﬁed and
quantiﬁed relative to internal standards using gas
chromatography (GC) and gas chromatography-
mass spectrometry (GC-MS). Prior to analyses,
acid fractions were methylated using BF3/MeOH
and polar and acid fractions were silylated with
BSTFA (N,O-bis(trimethylsilyl)triﬂuoroacetamide).
GC analysis was performed on a CarloErba Gas
Chromatograph equipped with a ﬂame ionization
detector (FID) and ﬁtted with a Chrompack fused
silica capillary column (50 m 3 0.32 mm i.d.)
coated with CP Sil-5CB stationary phase (dimethyl-
polysiloxane equivalent, 0.12 lm ﬁlm thickness);
GC-MS analysis was performed on a Thermoquest
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Figure 1. Generalized lithological log, NZ, and international time scale [Gradstein et al., 2012] for columns
2 and 6 from the Mid-Waipara River Section. Blue circles represent samples. Note the three intervals of
nonexposure.
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Finnigan Trace GC interfaced with a Thermoquest
Finnigan Trace MS operating with an electron ioni-
zation source at 70 Ev and ﬁtted with a fused silica
capillary column (50 m 3 0.32 mm i.d.) coated
with ZB1 stationary phase (dimethylpolysiloxane
equivalent, 0.12 lm ﬁlm thickness), scanning over
m/z ranges of 50–850 Da. For both GC and GC-
MS, 1 lL of sample was injected at 50C using an
on-column injector. Temperature was increased to
130C with an initial ramp of 20C/min, then to
300C at 4C/min, followed by an isothermal for
20 min.
[12] The polar fractions, containing the GDGTs,
were dissolved in hexane/iso-propanol (99:1, v/v)
and passed through 0.45 lm PTFE ﬁlters. Frac-
tions were analyzed by high-performance liquid
chromatography/atmospheric pressure chemical
ionization-mass spectrometry (HPLC/APCI-MS)
using an Agilent 1100 series/Hewlett Packard
1100 MSD. Normal phase separation was achieved
on an Alltech Prevail Cyano column (150 mm 3
2.1 mm; 3 lm i.d.) with a ﬂow rate of 0.2 mL
min21. Initial solvent was hexane/iso-propanol
99:1 (v/v), eluted isocratically for 5 min, followed
by a linear gradient to 1.8% iso-propanol over 45
min. Analyses were performed in selective ion
monitoring mode (SIM) to increase sensitivity
and reproducibility and [M1H]1 (protonated
molecular ion) GDGT peaks were integrated. The
ratio of branched GDGTs to crenarchaeol in marine
and lacustrine sediments is a function of soil
organic matter input, expressed as the Branched
versus Isoprenoid Tetraether (BIT) index [Hopmans
et al., 2004]:
BIT5 ½VI1½VII 1½VIII ð Þ= ½VI1½VII 1½VIII 1½IV ð Þ (1)
[13] Numerals refer to individual GDGT structures
shown in Figure 3. TEX86-derived sea surface
temperatures (SST) were reported previously
[Hollis et al., 2012] and are based on both the high
(GDGT index 2; log of TEX86
H) and low (GDGT
index 1; log of TEX86
L) temperature equations of
Kim et al. [2010]. The degree of cyclization and
branching in non-isoprenoidal terrestrial GDGTs,
expressed as CBT (cyclization index of branched
tetraethers) and MBT (methylation index of
branched tetraethers), are related to pH and mean
air temperature (MAT) according to the empiri-
cally derived relationships ﬁrst deﬁned by Weijers
et al. [2007b] based on a global soil data set and
then reﬁned by Peterse et al. [2012] for an
expanded data set ; we use the latter here:
CBT52log ½ð½VIb1½VIIb=½VI1½VIIÞ (2)
pH57:9–1:97 CBT ðr 25 0:70Þ (3)
MBT 05 ½VI1½VIb 1½VIc ð Þ= ½VI1½VIb 1½VIc 1½VII ð
1½VIIb 1½VIIc 1½VIII Þ
(4)
[14] Note that [VIIIb] and [VIIIc] are included in
the denominator of the original MBT term
[Weijers et al., 2007] but are omitted from the
revised calibration. The new approach yields
MAT according to:
MATðCÞ50:8125:613CBT1313MBT 0 (5)
[15] Equation (5) is typically deﬁned as the MBT0-
CBT proxy, and the root mean square error in the
revised calibration is 64.9C. We have also recal-
culated the MATs previously published for the
Wilkes Land basin, East Antarctic Margin (Inte-
grated Ocean Drilling Program, ODP Expedition
318, Site U1356) [Pross et al., 2012] using the
Peterse et al. [2012] calibration.
2.3. Temperature and Precipitation
Estimates Derived From Sporomorph
Assemblages
[16] Temperature and precipitation estimates were
also obtained from selected Paleocene and Early
Eocene sporomorph assemblages in the Mid-
Waipara River section (Column 2 and Column 6,
respectively), and from an earliest Eocene assem-
blage from the matrix of the Otaio River leaf ﬂora.
Samples were coarsely crushed and processed using
Figure 2. Palinspastic reconstruction for New Zealand
region in the Early Eocene [from Hollis et al., 2012], showing
reconstructed location of the mid-Waipara River (MW),
Hampden Beach (HD), and Otaio River (OR) sections. Also
shown is IODP Site 1172, from which similar TEX86-SSTs
(and Eocene MATs) have been obtained [Bijl et al., 2013].
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conventional palynological techniques, including
treatment with hydrochloric acid to remove carbo-
nates, hydroﬂuoric and hydrochloric acids to
remove silicates, oxidation using 36% nitric acid,
removal of humic material with 5% ammonia solu-
tion, ﬂotation using 2.0 s.g. heavy liquid, and siev-
ing on 6 mm ﬁlter cloth before glycerine jelly strew
mounting of residues for microscopic examination.
For each sample approximately 200 sporomorphs
were initially counted, and then the remainder of
two slides was scanned for less common species.
[17] Bioclimatic analyses using the nearest living
relative method [Greenwood et al., 2005] were
used to reconstruct MAT and mean annual precipi-
tation (MAP). The results were compared with
those derived from the coexistence approach of
Mosbrugger and Utescher [1997]. For both
approaches, fossil sporomorph taxa are identiﬁed
and characterized based on their nearest living rel-
atives [Pross et al., 2012; Contreras et al., 2013].
Climate parameters are derived from the assem-
blage of nearest living relatives. The climatic
requirements of the nearest living relatives are
determined using the same sources and are there-
fore identical for the two approaches; speciﬁcally,
they are derived from (i) the data set of Pross
et al. [2012], which is mainly based on distribution
data from the Australian National Herbarium
online database [Australian National Herbarium
Specimen Information Register, 2011] and the
mathematical climate surface software ANUCLIM
5.156 [Houlder et al., 1999], and (ii) the Palaeo-
ﬂora database, which contains climatic informa-
tion for plant taxa based on their global
distribution [Utescher and Mosbrugger, 2013].
Also, the climate estimates through the bioclimatic
analyses and the coexistence approach are based
on the evaluation of the same taxa (compare sup-
porting information Table S21).
[18] An 80% conﬁdence interval deﬁnes the climate
envelope derived from bioclimatic analysis. The
coexistence approach sensu Mosbrugger and
Utescher [1997] aims to derive a coexistence inter-
val for a speciﬁc climate parameter in which a max-
imum number of nearest living relatives of a given
ﬂora coexist. The limits of this coexistence interval
are deﬁned by the minimum and maximum values.
Taxa whose climate proﬁles are not within the zone
of overlap of the majority of taxa are considered
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outliers and have been excluded. The width of a
coexistence interval determines the resolution of
the coexistence approach for a given climate
parameter. This interval width tends to increase in
proportion to the number of nearest living relatives
identiﬁed [Mosbrugger and Utescher, 1997; Pross
et al., 2000]. The two methods yield consistent
results for the climate parameters evaluated, indi-
cating that our reconstructions are robust.
2.4. Temperature Estimates From the
Otaio River Leaf Flora
[19] Two forms of leaf-morphology-based paleo-
climate analysis were applied to the Otaio leaf
ﬂora: Leaf Margin Analysis (LMA) [e.g., Wing
and Greenwood, 1993] and Climate Leaf Analysis
Multivariate Program (CLAMP) [e.g., Wolfe,
1993; Spicer et al., 2009]. Both of these methods
only include leaves from woody dicotyledonous
angiosperms (dicots) in these analyses. LMA is a
univariate method involving assessment of margin
character for each leaf morphotype, and applica-
tion of regression equations relating margin type
(% species or leaf morphotypes within an assem-
blage with entire margins) to MAT based on mod-
ern analogue data. The Otaio Gorge assemblage
consists of 18 morphotypes with an entire-
margined percentage of 66.7%. Various LMA cali-
brations now exist for calculating mean annual
temperature (MAT), and two of these LMA cali-
brations were applied here. The ﬁrst is based on a
southeast Asian modern data set collected by
Wolfe [1979]; the regression equation was later
published by Wing and Greenwood [1993]. The
second LMA regression equation is based on Aus-
tralian modern data collated by Greenwood et al.
[2004], with a data set comprising 74 sites, each of
which has greater than 20 species of woody dicots.
[20] CLAMP is a further development of LMA
and involves measuring the leaf morphotypes for
31 leaf character variables and produces estimates
for multiple climate parameters. The CLAMP
method is based on large modern analogue data
sets of leaf character information and associated
climate information collected using CLAMP-
deﬁned protocols. CLAMP analysis was per-
formed by adding the Otaio percentage scores to
the standard Physg3brcAZ calibration data set and
analyzing with the associated Met3brAZ climate
data set using the CCA function of CANOCO [ter
Braak, 1986]. Climate estimates were determined
by projecting the positioned Otaio ﬂora onto each
of 11 climate vectors using the standard CLAMP
results spreadsheet from the CLAMP website
(http://clamp.ibcas.ac.cn/Clampset2.html).
3. Results and Discussion
3.1. Biomarkers Present in Mid-Waipara
River and Hampden Beach Sediments
[21] As documented previously [Burgess et al.,
2008; Hollis et al., 2009, 2012], the Mid-Waipara
River and Hampden Beach sections are character-
ized by relatively thermally immature organic mat-
ter derived from a mixture of marine and terrestrial
sources. The saturated hydrocarbon and acid frac-
tions of all Mid-Waipara and Hampden Beach sedi-
ments contain a homologous series of n-alkanes
and n-alkanoic acids (Figure 4), likely derived from
the leaf waxes of terrestrial higher plants [Eglinton
et al., 1962; Kolattukudy, 1976; Reiley et al.,
1991]. Conﬁrmation of a higher plant origin of n-
alkanes is provided by the odd-over-even carbon
number predominance (OEP) of n-alkanes in a
homologous series [Scalan and Smith, 1970]:
OEP5 (Cn221 6 3 Cn1Cn12)/(4 3 Cn211 4 3
C11), with n5 27. In the acid fraction, the high
molecular weight (HMW) n-alkanoic acids are
dominated by even carbon number homologues,
particularly the C30 and C32 components in Paleo-
cene sediments and the C28 and C30 components in
Eocene sediments, all indicative of a typical higher
plant signature [Reiley et al., 1991]. The alcohol
fraction contains n-alkanols, also likely derived
from higher plant leaf waxes; also present are C27–
29 sterols, as well as low concentrations of dinos-
terol derivatives, both consistent with marine algal
inputs. The compounds of greatest interest for this
study, however, are the glycerol dialkyl glycerol
tetraether lipids which are the basis of various SST
and MAT proxies. Hampden Beach sediments con-
tain a similar distribution of biomarkers, including
a strong contribution of n-alkyl components of
likely leaf wax origin.
3.1.1. GDGT Distributions: MBT and CBT Ratios
and MAT Trends
[22] Our reconstructed MATs are based on the
MBT0 and CBT indices shown in Figure 5. MBT0
indices exhibit dramatic long-term variability
through the section, with values generally being
low in the Paleocene (0.5–0.6) and markedly higher
(0.7–0.9) in the Eocene. CBT indices exhibit a sim-
ilar overall range, but exhibit much greater sample-
to-sample variability. Overall, CBTs increase from
values of 0.5 in the Paleocene to 0.8 in the PETM
interval at Mid-Waipara. They are then variable
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through the overlying Eocene but generally increase
to values of 0.9 and have values ranging from 0.85
to 0.93 in the high-resolution Middle Eocene
Hampden Beach record.
[23] Collectively, the two indices can be used to
calculate MAT. For comparison, temperatures
obtained using both the original [Weijers et al.,
2007b] and the more recent [Peterse et al., 2012]
calibrations are shown in Figure 5. Both exhibit
similar trends, although the latter yields lower
MATs as has been observed elsewhere [Peterse
et al., 2012]. In general, the MAT trend parallels
that of the MBT0 ratio, consistent with it being the
primary driver in the MBT0-CBT calibration. The
CBT component appears to exert little inﬂuence
on the shape of the MAT reconstruction; however,
because it does vary through the sequence, we
tested its impact on our MAT estimates (Figure
5c) by calculating MAT using either minimum or
maximum CBT values (0.5 and 0.9). These
affected our calculated MATs by less than 62C.
[24] Overall, MAT ranges from 10 to 22C6 4.9C
through the section (Figure 5c), characterized by
particularly warm temperatures, >20C, during the
PETM and late Early to early Middle Eocene. Cold-
est temperatures are recorded in the Paleocene
(15C) and especially from 58 to 59 Ma where
MAT falls to 10C. Signiﬁcantly, and in striking
contrast to previously published SST records [Bijl
et al., 2009, 2013; Hollis et al., 2009, 2012], the
EECO does not stand out as being any warmer than
the succeeding early Middle Eocene. Cooling only
becomes evident in the late Middle Eocene.
3.1.2. Fidelity of MBT0-CBT-Derived MATs
[25] A variety of factors could affect the derived
MBT0-CBT-derived MATs. An important factor is
the location of the source area for the biomarkers.
Given the study sites’ proximal location to New
Zealand and the lack of any other nearby land
masses, our terrestrial signatures almost certainly
derive from New Zealand. This is particularly true
for the GDGTs; although they can be transported
via dust [Fietz et al., 2013], the concentrations are
low and aeolian processes are not likely to be
important in proximal settings [Hopmans et al.,
2004]. The vegetation composition derived from
palynology is consistent with this interpretation, as
there is no doubt that the palynomorphs are derived
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from the New Zealand landmass. However, a cool
bias from an altitudinal effect cannot be ruled out
[e.g., Bendle et al., 2010]: palinspastic reconstruc-
tion suggests that Mid-Waipara deposition occurred
at bathyal depths but also near to shore, and it is
reasonable to assume that a moderately steep sub-
marine depth gradient continued onshore.
[26] A further issue in the estimation of MAT from
br-GDGTs is that regional calibrations [Bendle
et al., 2010; Sinninghe Damste et al., 2008] can dif-
fer signiﬁcantly from the global calibration of
Weijers et al. [2007b]. MATs derived from the two
previously published regional soil calibrations,
based on an altitudinal proﬁle of Mt. Kilimanjaro,
Kenya [Sinninghe Damste et al., 2008] and the
Amazon catchment (Bendle et al. [2010], including
the Amazon basin and Andean uplands), are shown
in Figure 5c. Both yield MATs similar to those
derived from the Peterse et al. [2012] calibration
(and lower temperatures than those derived from
the Weijers et al. [2007], calibration), consistent
with the conclusion of Peterse et al. [2012] that
there is little regionality in their expanded data set.
It is likely that some of the previously reported dif-
ferences between regional and global calibrations
document a limitation of the original data set
[Weijers et al., 2007b]. The limitations of the
MBT0-CBT thermometer in arid regions [e.g.,
Peterse et al., 2012; Yang et al., submitted] are
unlikely to be relevant here (Table 1).
[27] Another concern with interpreting MAT from
the Mid-Waipara section is the low BIT indices,
which range from 0.06 to 0.3 (mean of 0.12).
These indicate that our MAT estimates derive
from a low abundance of branched GDGTs rela-
tive to marine (crenarchaeol) inputs and raises the
possibility that the terrigenous br-GDGT distribu-
tion might be partially overprinted by in situ
MBT CBT
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Figure 5. (a) MBT0 and (b) CBT indices, shown as closed circles (Waipara) and open circles (Hampden
Beach). (c) MATs derived from various MBT-CBT calibrations, including the MBT0-CBT calibration of
Peterse et al. [2012] in solid circles (with gray shaded region showing the 64.9C error) and original MBT-
CBT calibration of Weijers et al. [2007b] in gray circles. Also shown are MATs derived from the Kilimanjaro
regional calibration [Sinninghe Damste et al., 2008] (orange line), the Amazon regional calibration [Bendle
et al., 2010] (green line), and the Peterse et al. [2012] calibration but assuming constant high (magenta line)
or low CBT values (blue line). Time scales show the international Paleocene and Eocene epochs and the cor-
responding New Zealand stages.
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sedimentary production [Peterse et al., 2009; Zhu
et al., 2011]. To explore this further, we compare
the SST (TEX86
L)-MAT difference to BIT indices
(Figure 6), assuming that (a) in situ production at
the seaﬂoor would yield anomalously low MATs
and (b) that would be recorded by deviations from
independent temperature reconstructions. Only a
weak relationship is observed for BIT values
between 0.1 and 0.3 and SST-MAT differences are
typically 0–3C in that range. In contrast, for sedi-
ments with BIT values below 0.1, the temperature
difference is larger. For four samples in the earliest
Eocene, with BIT values lower than 0.08, the tem-
perature difference >7C (Figure 7a). As these
samples do not have anomalously high pH values,
this could be a true difference, perhaps reﬂecting
higher-altitude sources for branched GDGTs in
post-PETM New Zealand. This could also explain
why the temperature difference is not evident in a
comparable SST-MAT comparison (Figure 7a)
from ODP Site 1172 [Bijl et al., 2013]. Regardless
of the underlying causes of these differences, we
do not discuss these Early Eocene data further.
[28] The in situ marine production of GDGTs
likely had a relatively minor impact on the rest of
the record. Despite low BIT indices, the sediments
contain abundant terrestrial biomarkers (see
above) and terrestrial palynomorphs (over 50% of
the total palynomorph assemblage in the Paleo-
cene and Middle Eocene and 30% in the Early
Eocene), and LC-MS analyses yield strong signals
for br-GDGTs. Moreover, Peterse et al. [2009]
and Zhu et al. [2011] noted that in situ marine pro-
duction of br-GDGTs is associated with excess
abundances of GDGT VIc and VIIc, which gives
rise to elevated pH estimates. As none of these
features are evident in our data set, in situ produc-
tion is considered to have been negligible. Even
so, the low BIT values, together with the high cali-
bration error, indicate that minor temperature var-
iations should not be considered signiﬁcant.
3.2. Comparison of Temperature Records
[29] These MBT0-CBT data represent the ﬁrst long-
term terrestrial temperature record for themiddle lat-
itude Paleogene. In order to corroborate the record,
we compare it to local MAT estimates derived from
leaf fossil assemblages and palynology and previ-
ously published SST records. We then present a
model for the Early Paleogene evolution of SW
Paciﬁc climate based on the sum of all records.
3.2.1. Comparison of MATs Derived From
Geochemical, Palynological, and Paleobotanical
Approaches
[30] Palynological data indicate a mesothermal-
microthermal regime (temperate) for the early
Late Paleocene, with palynoﬂoras dominated by
podocarps such as Phyllocladites mawsoni and
Podocarpidites spp. Converting these assemblages
to MAT using bioclimatic analysis yields a range
of 12–13.5C (10–17C with one standard error;
Table 1), which is consistent with MATs derived
Table 1. Temperatures and Precipitation Reconstructed From Bioclimatic and Coexistence Analysis of Sporomorphs
46.1 Ma 46.7 Ma 51.3 Ma 51.6 Ma
55.5 Ma
(Otaio Gorge) 58.5 Ma 58.6 Ma 58.7 Ma
Mean annual Temperature 18.2a (5.7) 22.6 (1.4) 17.4 (6.6) 22.6 (1.4) 17.4 (6.6) 17.4 (6.6) 17.4 (6.6) 10.9 (0.1)
16.8b (6.2) 17.2 (6.6) 15.8 (7.5) 17.1 (6.8) 16.0 (6.0) 13.7 (3.4) 13.2 (2.7) 12.0 (1.7)
Mean annual Precipitation 1420a (200) 1070 (140) 1420 (198) 1420 (200) 1090 (160) 1550 (310) 1080 (150) 1550 (310)
1270b (530) 1250 (500) 1180 (640) 1260 (560) 1140 (480) 1410 (710) 1330 (610) 1440 (740)
aMid value from coexistence approach (with range in parentheses).
bEstimate from bioclimatic analysis (with error in parentheses).
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Figure 6. Crossplot of BIT indices against the difference
between TEX86
L-derived SSTs and MBT0-CBT-derived
MATs. The horizontal dashed line at 4C, above which we
would interpret our data cautiously, is conservative as the
combined calibration error for the respective proxies is larger.
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from MBT0-CBT indices (Figure 8b). Temperature
estimates based on physiognomic analysis of leaf
fossils are restricted to probable Early Paleocene
assemblages from western South Island [Kennedy,
2003], where three assemblages each comprising
>20 leaf forms yield a slightly lower MAT range
(including standard error) of 7.5–12.3C based on
CLAMP and 4.7–10.4C based on LMA, both
implying a microthermal regime (MAT <12C).
[31] During the PETM, EECO, and early Middle
Eocene, GDGT-derived MATs of 20–22C indicate
cool subtropical conditions. These are similar to
MBT0-CBT temperatures obtained for Site 1172
[Bijl et al., 2013] across the same interval and for
the Wilkes Land basin during the EECO [Pross
et al., 2012] (Figure 8b). In New Zealand, ﬂoral
analyses for the EECO indicate a mesothermal-
megathermal regime, with palynoﬂora dominated
by Casuarinaceae (Myricipites harrisii) and Protea-
ceae [Pocknall, 1990; Raine et al., 2009; Crouch
and Brinkhuis, 2005] and consistent with warm
temperate to subtropical conditions. Subtropical
conditions are also consistent with the occurrence
of mangrove pollen (Nypa) and the thermophilous
taxa Cupanieidites and Anacolosidites [Mildenhall,
1980]. Bioclimatic analyses of these assemblages
yield temperatures of 16–17C (9–24C including
one standard error). Thus, these temperatures are
lower than the MBT0-CBT-derived estimates but
within the error range (Figure 8b).
[32] There are few published Eocene temperature
estimates based on physiognomic analysis of New
Zealand leaf fossils. A probable earliest Eocene
dicot leaf assemblage from Kakahu, South Canter-
bury, produced cool temperate MAT estimates
(LMA-based; Australian and SE Asian calibra-
tions), but the very low diversity of the assemblage
(12 morphotypes) means these estimates have high
uncertainty [Pole, 1997, 2010]. The general physi-
ognomy (leaf margin and leaf size) of a similarly
low diversity (13 morphotypes) Early to Middle
Eocene dicot leaf ﬂora from Livingstone, North
Otago, suggested a warmer climate [Pole, 1994].
We have analyzed the Otaio dicot leaf collection,
tentatively placed within the PETM (see section
2.1.3). LMA (based on the SE Asian calibration)
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Figure 7. Relationships between TEX86
L-derived SSTs and MBT0-CBT-derived MATs in the mid-Waipara
(closed circles) and Hampden Beach sections (open circles). In (a), the differences between SST and MAT
absolute values are shown; also shown by blue circles are the differences for ODP Site 1172 [Bijl et al.,
2013]. In (b), SST (green) and MAT (red) data are plotted as temperature residuals from the respective mean
values of the entire record. For comparison, BIT indices are shown in (c).
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produced a MAT from the Otaio leaves of
21.66 3.4C (Table 1). The uncertainty reﬂects
the sampling error [Wilf, 1997], and this is high
because of the low diversity of the current Otaio
collection. The LMA regression equation based on
modern Australian data [Greenwood et al., 2004]
produced a MAT estimate for Otaio of
16.06 3.0C, with a range of 13.0–19.0C. CLAMP
analyses yielded an MAT estimate of 20.06 2.4C.
Other CLAMP estimates indicate moderate season-
ality, with mild winter temps (Coldest Mean
Monthly Temperature range: 7.3–14.8C, 2 stand-
ard deviations), warm summer temps (Warmest
Mean Monthly Temperature range: 25.5–31.8C, 2
standard deviations), and a long growing season
(supporting information Table S1). These values
are similar to the preliminary results that were pub-
lished in Huber and Caballero [2011]. Interest-
ingly, the LMA-derived MAT estimate (Australian
calibration) compares well with the estimate
derived from bioclimatic analysis, whereas the
warmer CLAMP-derived and LMA-derived (SE
Asian calibration) MATs agree with the MBT0-
CBT estimate (Figure 8b).
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Figure 8. Temperature records from the Mid-Waipara River (closed circle) and Hampden Beach (open
circle) sections. (a) The global benthic foraminiferal d18O stack (compiled by Cramer et al. [2011]; gray line,
with red line being the 30-point moving average; note not scaled to temperature) and TEX86
H- and TEX86
L-
derived SST records (from Hollis [2012], and based on the calibrations of Kim et al. [2010]) for New Zealand
spanning the Early Paleocene to Middle Eocene; also shown (in green) are pTEX86 reconstructions [Hollis
et al., 2012]. (b) Reconstructed mean annual air temperatures derived from MBT0-CBT indices and the global
calibration of Peterse et al. [2012] from: Mid-Waipara River and Hampden Beach (red), IODP Site U1356
(Wilkes Land margin, dark blue) [Pross et al., 2012], and ODP Site 1172 (light blue) [Bijl et al., 2013]. The
shaded gray region denotes the 64.9C error bars around the New Zealand data only. Green data are MATs
based on bioclimatic analysis of sporomorph assemblages from the Mid-Waipara River section (except for
PETM datum, which is from Otaio Gorge), and the orange data represent MAT estimates (20.06 2.4C)
based on physiognomic analysis (CLAMP) of leaf fossils from the Early Eocene Otaio Gorge section (this
paper) and Early Palaeocene western South Island [Kennedy, 2003].
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[33] Good agreement between MAT estimates
derived from palynological and paleobotanical
methods and MBT0-CBT-derived MATs from the
New Zealand sections, ODP Site 1172 and IODP
Site U1356 gives us considerable conﬁdence in
these results.
3.2.2. Comparison of MAT and SST Records
[34] These MAT estimate are markedly lower than
SSTs derived from TEX86
H values [Bijl et al.,
2009; Hollis et al., 2009, 2012]. Caution is
required when comparing MAT to SST, as differ-
ences can arise from a range of factors. For exam-
ple, low MAT could reﬂect a high-altitude source
region for the branched GDGTs [Bendle et al.,
2010], whereas high SST could be due to a
summer bias in the marine proxies [e.g., Sluijs
et al., 2006; Huber and Caballero, 2011; Hollis
et al., 2012] as has been invoked for several Plio-
Pleistocene studies [e.g., Castaneda et al., 2010;
Huguet et al., 2006; Menzel et al., 2006]. TEX86
H-
based SSTs are higher than SSTs based on the
TEX86
L calibration as well as those based on inor-
ganic SST proxies [Hollis et al., 2012]. This led
to a proposed ‘‘paleocalibration’’ for TEX86
(pTEX86) [Hollis et al., 2012], which yields tem-
peratures similar TEX86
L-derived SSTs in SW
Paciﬁc sites and closer to the MATs derived for
the Canterbury Basin sections (Figure 8a). These
offsets between the TEX86
L and TEX86
H calibra-
tions could arise from issues associated with the
depth of GDGT production and export [Taylor
et al., 2013], and TEX86
L and pTEX86 appear to
better represent marine temperatures in these set-
tings [Hollis et al., 2012].
[35] As discussed above, TEX86
L-derived SSTs
and MBT0-CBT-derived MATs are similar in the
Paleocene and upper Middle Eocene sections, dif-
fering by less than 3C, which is well within the
combined calibration errors (Figures 7a and 7b).
However, Early to early Middle Eocene (56–47
Ma) SSTs are consistently higher than correspond-
ing MATs in the Mid-Waipara section and at ODP
Site 1172. One of the challenges in making such
comparisons is the large calibration errors of
62.5–5C that are associated with GDGT-based
temperature proxies. We can partially circumvent
this by comparing variations in relative tempera-
ture from the mean value (Figure 7b). This reveals
that TEX86
L-SST (but also TEX86
H-and pTEX86,
not shown) and MBT0-CBT-MAT exhibit mark-
edly similar temporal trends, giving us some conﬁ-
dence in them as relative temperature indicators.
Both proxies show pronounced warming through
the Paleocene-Eocene transition, with Eocene
temperatures being 8–10C warmer than the
Paleocene. Both proxies also record a signiﬁcant
cooling event in the early Late Paleocene, with
temperatures 3C lower than background
Paleocene.
[36] The proxies diverge in the EECO, however,
with SST 5C warmer than MAT. In fact, in the
MAT records for the mid-Waipara section and
ODP Site 1172, the EECO does not stand out as
markedly warmer than much of the Middle Eocene
(Figure 8). This could be due to a range of proxy-
speciﬁc factors. For example, during the EECO,
the source region from which branched GDGTs
and pollen derive could have changed from low-
lands to uplands, mitigating the MAT trends; how-
ever, it seems unlikely that such catchment-
speciﬁc mechanisms would have impacted both
sites. It is also possible that sedimentary marine
production of branched GDGTs has biased MAT
estimates during the EECO, which would be con-
sistent with the relatively low BIT indices in that
interval (Figure 7c). However, this also seems
untenable because the EECO BIT indices are simi-
lar to those in Paleocene sediments. We also note
that for CBT values of 0.8 (as observed during the
EECO), the maximum MAT that can be obtained
using the MBT0-CBT proxy (i.e., for an MBT
value of 1) is 27C [Peterse et al., 2012]. This
potential limitation requires future consideration,
especially if the proxy is applied to lower latitude
settings during greenhouse climate intervals.
[37] However, the MBT0-CBT-derived MATs for
the EECO agree with (within error) or are even
slightly higher than the MATs obtained from bio-
climatic analysis of sporomorph assemblages (Fig-
ure 8). We do not have pollen data from Waipara
for the later Middle Eocene, but pollen data from
Middle Eocene strata elsewhere in New Zealand
suggest a cooling in the late Middle Eocene, seen
especially in increased abundance of Nothofagus
pollen [Raine et al., 2009]. However, the contin-
ued presence of Nypa pollen until the Late Eocene
suggests that temperature did not drop to Paleo-
cene levels.
[38] In summary, we observe good correspondence
between MAT records in the SW Paciﬁc and
Wilkes Land margin but there may be a partial
decoupling of air and sea surface temperatures for
the SW Paciﬁc [Bijl et al., 2013]. By extension,
the particularly pronounced high-latitude SST
warming in this region (Figures 7 and 8) [Hollis
et al., 2012; Bijl et al., 2013] during the EECO (and
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speciﬁcally from 54 to 47 Ma) represents a stronger
oceanic response to warming than an atmospheric
one. This could have been due to a particularly
strong inﬂuence of regional ocean currents on SSTs
[Hollis et al., 2012] as discussed below.
4. Integration of Temperature Records
[39] MAT estimates range from 13 to 15C (with a
calibration error of 65C) in the Paleocene from
62 to 59 Ma. In the early Late Paleocene sedi-
ments, MAT decreases to a minimum of 10C.
This Late Paleocene cool interval indicates that
the cooling inferred from TEX86 in the same sec-
tion [Hollis et al., 2012] was not limited to the
marine realm. Crucially, these low Paleocene tem-
peratures place an upper limit on mid-Paleocene
Antarctic temperature and have implications for
ice and permafrost accumulation. MATs in New
Zealand of 10–156 5C are consistent with cli-
mate simulations that allow accumulation of per-
mafrost on Antarctica (using 900 ppm pCO2 and
an equilibrium orbital conﬁguration, which yields
NZ surface temperatures of 10–15C) [DeConto
et al., 2012; R. DeConto, personal communica-
tion, 2013]. Such deposits have been invoked as a
potential source of light carbon released during the
PETM [DeConto et al., 2012]. We note, however,
that we lack data from between 58 and 56 Ma, and
warming during that time, which is evident in the
benthic foraminiferal oxygen isotope record [e.g.,
Cramer et al., 2011], could have led to permafrost
thaw before the PETM. Nonetheless, the recon-
structed MATs, taking into account their 65C
error, are consistent with a cold Antarctic conti-
nent during much of the Paleocene.
[40] Following the Late Paleocene cool interval,
MAT estimates increase dramatically at the PETM
to 23C. MAT estimates are also relatively high,
19–22C, from 51 to 46 Ma. Similar elevated
MAT estimates occur at ODP Site 1172, indicating
that both the PETM and EECO were characterized
by cool subtropical temperatures in these high-
latitude terrestrial settings as ﬁrst recognized some
forty years ago by Shackleton and Kennett [1975].
The EECO MATs for mid-Waipara and ODP Site
1172 are similar to those obtained for Wilkes
Land, East Antarctica, also determined using a
combination of palynological and recalculated
MBT0-CBT proxies [Pross et al., 2012, Figure 8b].
Low tropic to pole SST gradients have been sug-
gested for the EECO [Greenwood and Wing,
1995; Pearson et al., 2007; Bijl et al., 2009; Hol-
lis et al., 2009, 2012], but these MBT0-CBT
records indicate that temperature gradients were
minimal even at high latitudes, between New Zea-
land and Antarctica, at least until the Middle
Eocene [see also Bijl et al., 2013].
[41] The New Zealand, ODP Site 1172 and Antarc-
tic EECO MAT and TEX86
L-derived SSTs are all
markedly lower than the original TEX86-SSTs.
Therefore, they yield higher latitudinal temperature
gradients and partially resolve data-climate model
discrepancies [Huber and Caballero, 2011]. For
example, a simulation with 16 3 CO2 [Huber and
Caballero, 2011] yields tropical SST near Tanzania
of 35–40C and SW Paciﬁc MAT of 15–25C.
These modeled tropical temperatures are within the
error range of recalculated Tanzanian SSTs
(TEX86
H5 33–356 2.5C; planktic foraminiferal
d18O5 32–336 2C; SI of Hollis et al. [2012]).
The modeled Australia/NZ MAT range is admit-
tedly large, but it does bracket our reconstructed
MATs (19–226 5C) and SSTs (25–27.56 4C).
Therefore, our data provide evidence for a reduced
latitudinal temperature gradient during the EECO
that is consistent with physical climate models.
This implies that the current generation of models
are approaching, although not altogether achieving,
the appropriate level of polar ampliﬁcation needed
to match proxy data, under conditions of extremely
high pCO2 or high climate sensitivity [Lunt et al.,
2012; Huber and Caballero, 2011].
[42] From late Early to early Middle Eocene, New
Zealand MATs are relatively stable, and it is only
at 42 Ma that lower MATs of 17–19C are
observed (Figure 8b; difference between MATs
from 42–41 to 52–45 Ma conﬁrmed by t Test).
Similar MAT trends are evident at ODP Site 1172
(Figure 8b), although that section exhibits a more
gradual cooling from 46 to 42 Ma (different
EECO and Middle Eocene MATs conﬁrmed by t
Test). Both MAT records contrast with that from
Wilkes Land, which exhibits 5C lower MATs
already by 48 Ma [Pross et al., 2012]. As dis-
cussed above, the stable New Zealand and Site
1172 MATs from 52 to 45 Ma contrast with the
corresponding SST records (Figure 7) and could be
the result of branched GDGT (and sporomorph)
transport dynamics. If they are unbiased, however,
the MAT records document the development of a
strong temperature gradient between New Zealand/
ODP Site 1172 and the Antarctic coast at the
Early-Middle Eocene boundary [this work; Bijl
et al., 2013]. This suggests the initiation of a proto-
Antarctic frontal system, which could have been
caused by global climate drivers such as a decrease
in pCO2. Alternatively, it could have been brought
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about by tectonic mechanisms, such as an early
phase in the opening of the Tasman Gateway, as
has been argued by Bijl et al. [2011, 2013].
[43] These or related oceanographic processes could
also explain the apparent decoupling between SST
and MAT reconstructions for both New Zealand
and ODP Site 1172. The present-day East Australian
Current (EAC) is a western boundary current that
delivers warm subtropical water circulation to the
Tasman Sea and SW Paciﬁc (45S) [Ridgway and
Hill, 2009]. Near-future modeling experiments indi-
cate that global warming can cause this current to
extend as far south as 54S, the extent being con-
trolled by the westerly wind belt, geography and
conservation of angular momentum [Cai et al.,
2005; Wu et al., 2012]. Therefore, it is conceivable
that during episodes of extreme greenhouse warm-
ing, the EAC could warm surface waters at the
edges of the Australia and New Zealand landmasses
and cause MAT-SST decoupling. If so, the reduced
offset between SST and MAT after 47 Ma (Figure
7b) would be consistent with evidence of little EAC
inﬂuence in the Middle Eocene at ODP Site 1172
[Bijl et al., 2013]. However, southward expansion of
the EAC to the Australian and New Zealand land-
masses (at 65 and 55S, respectively) does not
occur in EECO climate simulations [Huber and Nof,
2006; Ali and Huber, 2010], and additional coupled
MAT and SST data sets are required to examine
SW Paciﬁc palaeoceanography further.
[44] In summary, our MBT0-CBT and ﬂoral-
derived MAT estimates from New Zealand show
that: (i) the EECO and PETM were signiﬁcantly
warmer than the Paleocene; (ii) subtropical condi-
tions prevailed in southern New Zealand during
the EECO and early Middle Eocene; and (iii)
there was a minimal temperature gradient between
New Zealand and the Antarctic region during the
EECO but that a signiﬁcant gradient in MAT
developed at about 48 Ma. These results are con-
sistent with climate models that show an increase
in temperature gradient with decreasing global
mean surface temperature [Huber and Caballero,
2011; Lunt et al., 2012].
5. Conclusions
[45] Our long-term record of Early Paleogene
MAT provides an important addition to previous
investigations of middle and high-latitude South
Paciﬁc climate. There is good agreement between
relative temperature trends in MAT and SST, with
absolute mean air temperature estimates being
consistent with recently revised SSTs records
[Hollis et al., 2012]. While this new SW Paciﬁc
temperature record for the Early Paleogene still
suggests pronounced warming and reduced latitu-
dinal gradients during times of peak global
warmth, such as the PETM and EECO, it does not
support the extreme temperatures in previous pub-
lications. Crucially, climate simulations with high
pCO2 levels [e.g., Huber and Caballero, 2011;
Lunt et al., 2012] can reproduce these MATs on the
New Zealand and Australian landmasses as well as
approximating previously reported tropical SSTs
(within 2–5C). Arguably of even greater signiﬁ-
cance than the warm Eocene is the remarkable evi-
dence for cooling in early Late Paleocene, which
suggests that an as yet unidentiﬁed climate driver
caused Southwest Paciﬁc temperatures to plummet
to levels barely warmer than the present day.
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